Circulation over coastal submarine canyons driven by constant upwelling or downwelling wind stress is simulated and analyzed with a primitive equation ocean model. Astoria Canyon, on the west coast of North America, is the focus of this study, and model results are consistent with most major features of mean canyon circulation observed in Astoria Canyon. Near-surface flow crosses over the canyon, while a closed cyclone occurs within the canyon. Upwelling prevails within the canyon and is larger than wind-driven upwelling along the adjacent shelf break. Water rises from depths reaching 300 m to the canyon rim and, subsequently, onto the adjacent shell Onshore flow within the canyon is driven by the onshore pressure gradient force, due to the free surface slope created by the upwelling wind, and is enhanced by the limitation to alongshore flow by the canyon topography. Density gradients largely compensate the surface slope with realistic stratification, but continual upwelling persists near the edges of the canyon. Within the upper canyon (50-150 m below the canyon rim) a cyclone is created by flow turning into the canyon mouth, separating from the upstream edge, and advecting toward the downstream rim. Below this layer the cyclone is created by vortex stretching due to the upwelling. Downwelling winds create nearly the opposite flow, in which compression and momentum advection create a strong anticyclone within the canyon. Momentum advection is found to be important both in creating strong circulation within the canyon and in allowing the surface flow to cross the canyon undisturbed. Model results indicate that Astoria-like submarine canyons produce across shore transport of sufficient volume to flush a continental shelf in a few (2-5) years. North America [Hickey, 1997]. During northerly winds, upwelling prevails throughout the canyon, while a cyclone is found within the canyon and sometimes up to 50 m above the canyon rim [Hickey, 1997]. Water column stretching was observed within the canyon with vortex compression in a 50 m thick layer above the canyon. The upper layer of water over the shelf (100 m above the rim) is little influenced by the canyon topography. Literature on theoretical analysis and modeling studies of canyon circulation is relatively sparse. Freeland and Denman [1982] proposed that the up-canyon flow was driven by the onshore geostrophic pressure gradient. Klinck [1988] discussed the effects of different canyon widths and suggested that a narrow canyon should be defined as one whose width is smaller than half of the internal Rossby deformation radius. Only a narrow canyon has a strong effect on the circulation, while a wide canyon just distorts flow to be along isobaths. With an analytical model, Klinck [1989] investigated the geostrophic adjustment over different canyon scales and examined the effects of canyon width on the canyon and coastal flow. Klinck [1996] used a numerical model to simulate weakly and strongly stratified flow in both directions along the coast interacting with canyon topography. He found that the strength of stratification influences the magnitude of the topographic effect on coastal flow, 28,671 28,672 SHE AND KLINCK: FLOW NEAR CANYONS DRIVEN BY CONSTANT WINDS
Introduction
Submarine canyons incise the shelf edge along most of the world's coastline and are important passages for across shore transport of nutrient-rich dense water and sediments [Inman et al., 1976] . As a specific example of canyon-related upwelling, Freeland and Denman [1982] found a persistent pool of dense water on the shelf near Vancouver Island. Analysis of water properties indicated that it had come from offshore and depths of more than 400 m.
The circulation within and near canyons is complicated by interaction of stratified coastal flow and canyon topography. One of the best measured submarine canyons is Astoria, on the northwestern coast of while the direction of incident flow has a much stronger effect on canyon-coast flow interaction. Right bounded flow (coast is to the right looking in the direction of flow) was largely benign with water rounding the canyon but otherwise not being much affected. Left bounded flow resulted in upwelling in the canyon and considerable transport of water across the shelf break. Allen [1996] investigated the spin-up and steady state of narrow canyon circulation with analytical and numerical solutions of a three-layer model. Analytical solutions were obtained for the initial circulation and for steady state. These solutions display the deflection of the flow around the canyon in both layers over the shelf. The middle layer has considerable onshore flow over the canyon. Numerical solutions with and without momentum advection have similar flow patterns, but the steady solutions were markedly different. In particular, the cyclone in the canyon was associated with nonlinear advection as the flow turns into the canyon. This study shows that the onshore flow in the canyon under upwelling forcing is up to 50 times that which occurs over the shelf break. S. E. Allen (personal communication, 1998) likes to say, "Canyons steal coastal upwelling."
Both of theses studies [Klinck, 1996; Allen, 1996] show some similarity to observed canyon flow. Both models show upwelling and cyclonic vorticity in part of the canyon. Below the canyon rim, alongshore flow turns into the canyon, on the upstream side by Klinck [1996] and on the downstream side by Allen [1996] .
Allen also finds that incident flow in the upper layer (to depths of 50 m) is not influenced by the canyon topography.
However, neither study included explicit wind forcing, and both models had simplified physics. Neither study showed the closed cyclonic streamlines in and near the canyon, nor was there upwelling over the entire canyon. Therefore neither model provides an explanation for a mean cyclonic circulation within the canyon.
Interaction of alongshore flow with canyon topography is time-dependent as Hickey [1997] showed in Astoria Canyon. Fluctuations of velocity, vorticity, and temperature have complicated phase relationships with each other and with the wind. None of these features have been simulated by the above mentioned models, so the physical processes associated with these observations have yet to be investigated. This study has three purposes: (1) to demonstrate the capability of the coastal numerical model to simulate circulation in a generic narrow canyon, for both steady and transient forcing;
(2) to improve our understanding of the mechanism of canyon circulation and its Statistically significant conclusions are not easily obtained from observations in canyons because of the small number of realizations, the difficulty in placing instruments, and the variability of canyon bathymetry. The third purpose is to show that a model study can compliment observations. For example, vertical velocity is not directly measured and must be estimated on the basis of certain assumptions (say, that horizontal temperature advection is small). It is not easy to justify these assumptions with observations because of the low resolution or short time spans. Models can be used to evaluate some assumptions made in the observational analysis and to help determine if an observed feature is unique to a specific event and bathymetry or is general for similar shapes and forcing. The above objectives are too grand for a single paper. We have limited the study to conditions (bathymetry, stratification, and forcing) related to Astoria Canyon and to times when winds are mostly upwelling favorable, although a case with downwelling winds is added for contrast. Under these restrictions we will consider the above objectives in two papers. This paper deals with circulation in canyons driven by steady winds, while J. M. Klinck 
Model Description
We use version 1.0 of the Rutgers University Ocean Model (ROMS), which uses a modified terrain-following coordinate (s coordinate), which can be stretched at the top and bottom to provide higher resolution [Song and Haidvogel, 1994] The bottom topography is constructed from a linearly sloping continental shelf and an outer shelf and slope based on the hyperbolic tangent. The submarine canyon incises both the continental shelf and the offshore slope (Figure la) . The canyon bottom along the axis depends on the square root of the offshore distance, and the width has a Gaussian shape. The topographic parameters are chosen to be similar to Astoria Canyon [Hickey, 1997] where z is the depth in meters. The first internal mode from this stratification has a radius of deformation of 12.7 km. A weaker stratification, with one quarter of this strength, is used in one simulation, producing a radius of deformation of 6.4 km. The canyon is not necessarily narrow for the weaker stratification.
Model Error Considerations
Two sources of error in the numerical model are of particular concern: steep topography with terrainfollowing coordinates and periodic continuation in the alongshore direction. Before embarking on the simulation study it is necessary to quantify these errors and their time variation. These issues have been stressed in previous studies [e.g., Haney, 1991; Beckmann and Haidvogel, 1993; Mellor et al., 1994; Klinck, 1996 ] for different applications. Generally, all terrain-following models have trouble in the presence of steep bathymetry, mainly because of the error in calculating the horizontal pressure gradient with a discrete numerical scheme [Haney, 1991; Mellor et al., 1994] . ROMS uses some efficient methods to re-duce the error, such as removing a reference density and using a fourth-order difference scheme in the pressure gradient calculation.
We have run the model as just to see the difference in behavior. All of these cases were run for 20 days or longer but only the first 15 days of the simulations are described here.
Results
The offshore, the canyon distorts the alongshore flow, creating a net onshore flow in the deeper layers needed to balance the water that is upwelled through the canyon. It is not that water from far offshore upwells in the canyon but rather that water at depth along the slope is replaced by a general onshore flow, which pulls water through the offshore boundary. Considerable flow distortion would occur if the offshore boundary were a solid wall.
Upwelling Winds With Astoria

Reduced Stratification With Upwelling
Winds
The importance of stratification is considered by reducing the initial stratification to one quarter of that from Astoria, thus reducing the internal radius of deformation by half (6.4 kin). The simulation is forced by steady upwelling winds (0.05 N m-2). Figure 6a :•-• ...........  -•-•. •. •--• ............................. Figure 7) . The alongshore speed becomes relatively steady after about 7 days (Figure 7a) . There is a very weak reversal after 10 days of forcing. The across shore speed is everywhere onshore, except in the surface Ekman layer (Figure 7b ). After 7 days of forcing the flow is relatively steady. The speed and vertical shear are smaller than in the more strongly stratified simulation (Figure 4) . The across shore transports at the mouth of the canyon (Figure 8a ) are similar to those obtained for the stronger stratification. The transports adjust rapidly over the first week, with the upper transports reducing somewhat over the next week. The deeper transports continue to change over the span of the simulation, with net onshore flow after 10 days. The strengthening deep onshore flow on the downstream side of the canyon (S1, dashed line) relative to that along the upstream side (N1, dash-dotted line) indicates the downstream shift of the up-canyon flow and the development of the canyon cyclone. Finally, there is more onshore than offshore transport at each level, which provides water to upwell through the canyon (Figure 8b) .
Bottom topography has a stronger effect on the nearsurface flow after 12 days of forcing (
The vertical transport through the four sections (Figure 8b) at 150 m is similar to that ibr the stronger stratification. In this case the inner transports become approximately steady after 6 days or so. Furthermore, the upwelling is stronger on the upstream side of the canyon (Ni, dotted line) compared to the downstream  side (Si, solid line) , which is opposite to that seen in the simulation with stronger stratification. The region (figure not  shown) is the opposite of that from upwelling winds (Figure 2a) . The flow at the depth of the canyon rim (Figure 9a) is northward along the slope and strongly across isobaths along the downstream canyon rim. An anticyclone occurs over most of the canyon. At deeper depths (Figure 9b) , water swirls cyclonically through the canyon following isobaths, although there is more small-scale structure than in previous cases.
The time behavior of alongshore speed at station 5 (Figure 10a) gives the best indication that the flow is just the reverse of the upwelling case (Figure 4a) . However, it is weaker than the upwelling case.
The across shore flow (Figure 10b ) above 30 m is in the direction of the Ekman flux, but it continues to strengthen over the 2 weeks of forcing. Weak, but generally offshore, flow develops within a 20 m thick layer just below the Ekman layer. In the top of the canyon is a 100 m thick layer, which flows weakly offshore for the first 5 days, followed by relatively strong onshore flow, which by the end of the simulation, turns offshore again. This contrasts to the continually increasing flow with upwelling winds (Figure 4b) .
The across shore transport at the canyon mouth (Figure 11a) is rather different from the other two cases. The vertical transport through the four areas at the top of the canyon (Figure 11b) is downward over the canyon (Ni, dotted line, and Si, solid line) as well as offshore of the canyon on the north side (No, dash-dotted line). Upwelling occurs offshore south of the canyon axis (So, dashed line) . Offshore, upwelling on one side of the canyon axis is stronger than downwelling on the other side. Downwelling occurs over the whole canyon and is stronger over the upstream rim (Si compared to Ni).
Discussion
Circulation Forced by Upwelling Winds
The three-dimensional canyon circulation driven by constant upwelling favorable wind forcing has the following general structure. Above 100 m, there is only small influence of canyon topography with onshore flow over and upstream of the canyon (Figure 2a) elibile tU•tbb•ti UUIIIELIII. UUI'1II• tile IlI'S13 Week this pressure gradient drives water into the canyon, creating upwelling. At the head of the canyon, water in all layers is lifted; some water is lifted out of the canyon and deposited on the shelf. There is flow across isobaths along whole rim of the canyon and not just at the head (Figure 2b) . Deep upwelling exists within the canyon on the upstream edge (Figure 2c) , even though this water never reaches the shelf.
Over time, upwelling tilts the isopycnals largely compensating the surface pressure gradient (Figure 12a) over the top of the canyon. There remains an unbalanced onshore pressure gradient force over the inner canyon except at the head (Figure 12b) , which continually drives water into the canyon (Figure 2b) ...............   ..........  •;•'  Nu   ...................... welling is much weaker away from the canyon than over it. The former produces density changes at the shelf break of 0.1a (Figure 3b ), while the latter produces changes at the head of the canyon about 0.5a that extend over a greater thickness of water (Figure 3a) . The enhanced vertical motion within the canyon is due to onshore flow, which is due to the narrow canyon. 4.1.2. Cause of the canyon cyclone. There are two sources of cyclonic vorticity in the canyon, which play a role in the development of the cyclone (Figure 2b) . First is the cyclonic turning of the flow into the canyon, the strength and location of which depends on the flow speed and the details of the bathymetry at the canyon entrance. The circulation considered here is sufficiently strong for momentum advection to cause separation at the upstream corner, pushing the onshore flow closer to the downstream rim. The second source is stretching of planetary vorticity by the vertical motion within the canyon. The water below the maximum density change (Figure 3a) is the region of stretching, while vortex compression occurs above the maximum.
The cyclonic vorticity in the model is comparable to that observed [Hickey, 1997] . The swirl speed in the cyclone (Figure 2b) Figure 12 ]. Processes not included in these simulations could further strengthen the cyclone. Flow rectification [Holloway, 1987] due to random eddies interacting with topography was proposed as the cause of a trapped cyclone in regions with weak wind forcing [Hunkins, 1988] . Phase shift between transient wind forcing and flow generates stronger cyclones (Klinck et al., submitted manuscript,  2000) .
Influence of Stratification
Stratification allows vertical gradients in the flow, reducing the influence of bathymetry. As stratification is reduced to zero (and assuming weak friction), the flow is strongly constrained to follow bathymetric contours. As Figure 6c ). Interestingly, the weak stratification case has larger crossshore transports below 150 m ( Figures 5 and 8) , but they tend to compensate so that the net onshore transport is smaller. The across shore pressure gradient (Figure 13a) is comparable to that with stronger stratification (Figure 12a) , which is not surprising since it is due to the free surface tilt created by the wind. The residual pressure gradient (Figure 13b) is consistently onshore, indicating the inability of the weaker density structure to isolate the canyon from the pressure gradient due to the surface slope. 
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the cyclone generated in the upwelling case (Figure 2) , is driven by vortex compression or frictional coupling to the alongshore flow. The flow at 150 m (Figure 9a ) is directly into shallower water, creating strong flow toward the shelf (causing downwelling, not upwelling). In the upwelling case the cyclone tends to fill the canyon. Previous numerical results [Klinck, 1996] (Figure 5b and 11b) . Also, note that changing the sign of the wind forcing changes the sign of the vertical transport for the first 5 days; that is, the response is largely linear over that time. Beyond that time the transport time series are no longer opposite because of differently developing density structure and nonlinear effects.
The across shore pressure gradient is almost opposite of upwelling with offshore force throughout (Figure 14a) . However, it remains nonzero over the canyon, while the upwelling case has a sign reversal; the downwelling case cannot develop sufficient density contrast to compensate the surface gradient. It is interesting that circulation near the top of the canyon with downwelling winds is more alongshore (except at the upstream rim), while upwelling winds create mainly across shore flow.
The residual pressure gradient (Figure 14b 
Timescale of Response to Winds
We need to know how rapidly circulation near a canyon responds to a change in the wind stress. The timescale allows an estimate of the amount of the dense water transported to the continental shelf by submarine canyons. For Astoria stratification the circulation near the head of the canyon (Figure 4) becomes approximately steady after 5-6 days. The vertical velocity is nonzero as long as the winds blow, so onshore transport continues. Over many weeks it is possible for slow adjustments to modify these results, but we have not investigated such slow changes. Winds over the western North America shelf rarely persist longer than a week [Hickey, 1998] ; it does not make much sense to ask about the ultimate steady state. Additionally, the periodic model domain produces unrealistic circulation after about 20 days so this model setup is not appropriate for a long simulation with steady forcing, in any case.
What we do learn from the initial transients is that the circulation in the canyon reacts in a few days to an increase in the strength of surface stress. Over an additional few days, nonlinear effects modify the circulation, spreading the across shore flow over the canyon. Density advection reduces the pressure gradients over a week or so, In spite of these adjustments, upwelling in the canyor, continues at rates that allow considerable water (20 mSv or 1.6 km 3 d -1) to move onto the shelf. This picture is consistent with the previous observations, and we are able to deduce mechanisms that drive this circulation. With upwelling winds, onshore flow in the canyon is driven by the pressure gradient because of the tilted free surface and the reduction of alongshore flow by the canyon topography. The contrary baroclinic pressure gradient reduces but does not eliminate the surface pressure gradient so the force extends deep into the canyon. This mechanism does not depend on momentum advection. Cyclonic vorticity is produced by flow detachment from the upstream rim and by vortex stretching due to continual upwelling. 
Closed circulation in the canyon develops in response
